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motor by a chemotaxis system. When an E. coli cell senses an attractant, a reduction in the intracellular concentration of
a chemotaxis protein, phosphorylated CheY (CheY-P), induces counterclockwise (CCW) rotation of the flagellar motor, and
this cellular response is thought to occur in several hundred milliseconds. Here, to measure the signaling process occurring
inside a single E. coli cell, including the recognition of an attractant by a receptor cluster, the inactivation of histidine kinase
CheA, and the diffusion of CheY and CheY-P molecules, we applied a serine stimulus by instantaneous photorelease from a
caged compound and examined the cellular response at a temporal resolution of several hundred microseconds. We quantified
the clockwise (CW) and CCW durations immediately after the photorelease of serine as the response time and the duration of
the response, respectively. The results showed that the response time depended on the distance between the receptor and
motor, indicating that the decreased CheY-P concentration induced by serine propagates through the cytoplasm from the recep-
tor-kinase cluster toward the motor with a timing that is explained by the diffusion of CheY and CheY-P molecules. The response
time included 240 ms for enzymatic reactions in addition to the time required for diffusion of the signaling molecule. The
measured response time and duration of the response also revealed that the E. coli cell senses a similar serine concentration
regardless of whether the serine concentration is increasing or decreasing. These detailed quantitative findings increase our
understanding of the signal transduction process that occurs inside cells during bacterial chemotaxis.INTRODUCTIONAn Escherichia coli cell swims in a liquid environment
by rotating the flagella, its locomotive organelles. When all
of the flagellar motors rotate in a counterclockwise (CCW)
direction, an E. coli cell swims smoothly. In contrast, when
one or more of the motors switches to a clockwise (CW)
direction, the cell tumbles (1). A cell moves toward favor-
able conditions by controlling the rotational direction of its
flagellar motors in response to an environmental stimulus,
through a chemotaxis signaling system (2,3).
In the E. coli chemotaxis signaling system, extracellular
chemotactic signals, such as chemicals, temperature, and
pH, are detected by chemoreceptors located primarily at
one of the cell poles (3). The chemoreceptor modulates
the autophosphorylation activity of a histidine protein
kinase, CheA, associated with the receptor’s cytoplasmic
domain. The chemoreceptors form a large cluster with
CheA and another protein, CheW, at the cell pole (4,5).
Interactions between the chemotaxis proteins in these clus-
ters are thought to amplify the signal, enabling the E. coli
cell to respond to relatively small changes in the concentra-
tion of chemotactic chemicals (6). The phosphoryl group on
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0006-3495/14/08/0730/10 $2.00CheY, and the phosphorylated CheY (CheY-P) binds to
a flagellar motor to induce CW rotation (7–10). Previous
studies demonstrated a strong cooperative relationship
between the CheY-P concentration and the CW bias (the
fraction of time spent rotating in the CW direction) by
comparing the CW bias among E. coli cells with different
CheY-P concentrations, and suggested that the flagellar
motor switches its rotational direction stochastically under
a certain CheY-P concentration (11,12).
The signaling induced by the sensing of an attractant
through receptors is conveyed by a decreased CheY-P con-
centration in the cytoplasm (8). When the receptors bind an
attractant, CheY-P production is inhibited by the suppression
of CheA autophosphorylation. The intracellular concentra-
tion of CheY-P is decreased by its dephosphorylation by
CheZ,which is located at the cell polewith the receptor patch
(13). As the CheY-P concentration decreases in the cyto-
plasm,CheY-Pmolecules dissociate from the flagellarmotor,
and the motor changes its rotational direction from CW to
CCW (14). Various techniques have been used to measure
the responses to chemotactic signals occurring inside live
E. coli cells. By measuring the ensemble fluorescence reso-
nance energy transfer (FRET) between chemotactic pro-
teins in a cell population, investigators have determined the
properties of the chemotaxis signaling system’s response to
applied extracellular signals, including the time constanthttp://dx.doi.org/10.1016/j.bpj.2014.06.017
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sensitivity to stimuli (8,15). The kinetic of the chemotactic
response was estimated from the change in swimming
behavior ofE. coli cells after the photorelease of chemotactic
stimuli from caged compounds (16–18). The single-cell
response to a chemotactic signal was also investigated by
applying an impulse stimulus of attractant or repellent from
an iontophoretic pipette (19,20). The latency after the im-
pulse stimulus and the diffusion coefficient of the intracel-
lular signaling molecule were estimated from the cellular
response.
In this study, we examined how the temporal change
in intracellular CheY-P concentration that is induced by
chemotactic stimuli is propagated through the cytoplasm
from the receptor patch to the motor by measuring the
response of a single targeted cell to an instantaneously
applied chemotactic stimulus at high temporal resolution.
To apply the chemotactic stimulus, we used the photolysis
of caged serine (16–18). With this technique, one can con-
trol the application of a chemotactic stimulus within tens
of milliseconds and regulate the amount of stimulus by con-
trolling the power and duration of the laser irradiation. In
addition, by controlling the area of laser irradiation and
monitoring the rotational direction of a motor in real time,
one can apply the chemotactic stimulus to only a single tar-
geted cell and initiate it in response to the rotational switch-
ing of the motor. Our findings demonstrated that the cellular
response time to the photoreleased attractant depended on
the distance between the receptor and motor, indicating
that the decreased CheY-P concentration induced by attrac-
tant recognition was propagated through the cytoplasm from
the receptor patch to the flagellar motor. We also demon-
strated that the E. coli cells responded to a similar attractant
concentration regardless of whether the attractant concen-
tration was increasing or decreasing.MATERIALS AND METHODS
E. coli strains, plasmids, and cell growth
EFS031 (RP437, DmotAmotB, fliC-sticky) cells harboring pTH2300, which
is a pMMB206 derivative carrying motA and motB genes, and pBAD24-
GFP-CheW (21) were grown in Tryptone broth (1% bactotryptone, 0.5%
NaCl) containing 30 mM isopropyl b-D-1-thiogalactopyranoside, 0.002%
arabinose, 25 mg/mL chloramphenicol, and 50 mg/mL ampicillin at 30C
for 5 h.Synthesis of caged serine
We synthesized (S)-4,5-dimethoxy-2-nitrobenzyl serinate (caged serine)
using the reaction scheme shown in Fig. S1 in the Supporting Material.
Details regarding the synthesis of caged serine are provided in Section S1.Rotational measurement of the flagellar motor
Grown cells were harvested from 1 mL of cell culture by centrifugation and
suspended in 1 mL of motility buffer (10 NaMB, 10 mM potassium phos-phate buffer, pH 7.0; 0.1 mM EDTA-2K, pH 7.0; 10 mM NaCl; and 75 mM
KCl). The cells were then centrifuged again and resuspended in 250 mL of
10 NaMB. This cell suspension was loaded into a flow chamber constructed
from 18 18 and 24 50 mm coverslips with a spacer (flow chamber) and
incubated for 12 min to allow the cells to attach to the coverslip. To remove
unattached cells, the inside of the flow chamber was gently perfused with
additional 10 NaMB. Polystyrene beads (diameter (f) 0.5 mm) suspended
in 10 NaMB were then injected between the coverslips by perfusion. The
mixture was incubated for 15 min to allow the beads to attach to the cells’
flagellar filaments. The space inside the flow chamber was then gently
perfused twice with additional 10 NaMB containing the appropriate con-
centration of caged serine to remove unattached beads and apply the caged
serine.
The rotational motions of a bead attached to a flagellum were observed
under phase-contrast microscopy (IX71; Olympus, Tokyo, Japan) and
captured with a high-speed CCD camera (IPX-VGA210LMCN; Imperx,
Boca Raton, FL) at 1255 frames/s (Fig. 1 A). Each captured image was
transferred via a high-performance frame-grabber card (NI PCIe-1429;
National Instruments, Austin, TX) to a computer for image analysis. During
this process, each captured image was recorded on a hard disk drive in the
computer using the measurement software Real Time Video Nanometry
(RTVN), which we developed using LabVIEW 2009 (National Instruments;
see Results and Fig. S4). RTVN was also used to estimate the rotational
speed and direction of the flagella from the position of the bead-mass center.
When RTVN detected the rotational switching of the flagellar motor from
the CCW to CW direction, it sent a 5 V TTL signal from an A/D converter
(NI USB-6212; National Instruments) to an electric shutter driver (VCM-
D1; Uniblitz, San Diego, CA) to open a mechanical shutter (UHS1 ZM
2; Uniblitz) that was positioned in front of a violet laser beam (KBL-
90C-A; Kimmon Koha, Tokyo, Japan). The mechanical shutter was opened
for 60 ms in response to the CCW-to-CW rotational switch. The timing of
the TTL signal was recorded by the computer along with the rotational
velocity of the flagellar motor. For the control experiment without laser
irradiation, the timing of a quasi-TTL signal was recorded by the computer
to avoid opening the mechanical shutter.Measurement of the cellular response to serine
photoreleased from caged serine
Caged serine surrounding an E. coli cell on a microscopic field was photo-
lyzed by irradiation with a violet laser beam (wavelength (l) 405 nm) for
60 ms. For the photorelease of serine, the violet laser beam was reflected
by a dichroic mirror (FF495 Di02; Semrock, Lake Forest, IL) and focused
on the back focal plane of the objective lens (UPlanFl 40 Na 0.75
Ph2; Olympus). The diameter of the irradiated area was adjusted to
32 mm. The violet laser beam was uniformly applied to the irradiated
area, and the energy density of the laser beam in the irradiated area was
370 mW  mm2. The rate constant for the photolysis of caged serine in
the irradiated area was 0.16 s1 (Section S2). To measure the cellular
response, the serine stimulus released by laser irradiation was applied to
each cell only once. Approximately 20 cells were measured in each cham-
ber. The distance between the targeted cell and the previous one was more
than 200 mm. By simulation, we confirmed that the released serine concen-
tration 200 mm away from the laser-irradiated area was much lower than
the concentration required to induce a cellular response (Fig. S5), and we
confirmed that 20 repeats of serine photorelease hardly influenced the total
serine concentration in the chamber.Quantification of the distance between the
receptor patch and the flagellar motor
After measuring the cellular response of a targeted cell to photoreleased
serine, we quantified the distance between the receptor patch and the
flagellar motor of the same cell. A fusion protein of green fluorescentBiophysical Journal 107(3) 730–739
FIGURE 1 Measurement of a single-cell response to an instantaneously applied attractant signal. (A) Schematic diagram of the measurement system. (B)
Simulated time course of the concentration of released serine. Caged serine at 1000 mM (black line), 750 mM (dashed line), or 500 mM (dotted line) was
applied to the observation chamber. Inset: magnified graph of the released serine concentration. The magenta-shaded area in the inset indicates the duration
of laser irradiation (60 ms). (C) Cellular response to photoreleased serine in the presence of 1000 mM caged serine (released-serine concentration: 8.6 mM). A
violet laser beam was applied at the 13.99 s time point for 60 ms (magenta line). The initial CCW duration refers to the CCW duration immediately after
the laser irradiation. (D) Histogram of the initial CCW duration. Blue bars show the histogram of the initial CCW duration from 67 cells in the presence of
8.6 mM released serine after laser irradiation. Gray hatched bars show the histogram of the initial CCW duration from 64 cells in the presence of 1000 mM
caged serine without laser irradiation. To see this figure in color, go online.
732 Sagawa et al.protein (GFP) and the chemoreceptor-associated protein CheW was used to
visualize the position of the receptor patch in the E. coli cell. To observe the
location of GFP-CheW, the optical path was changed (Fig. 1 A). A blue
laser beam (l ¼ 488 nm; Sapphire 488-20-SV; Coherent, Hercules, CA)
was reflected by a dichroic mirror (FF495 Di02; Semrock) and focused
on the back focal plane of the objective lens (UPlanFl 40 Na 0.75 Ph2;Biophysical Journal 107(3) 730–739Olympus). The fluorescence, which was passed through the dichroic mirror
and the emission filter (FF01-520/35; Semrock), was reflected by the mirror
and focused on a second CCD camera (DMK23G618; The Imaging Source,
Bremen, Germany). The fluorescence images were recorded at 7.5 frames/s
by a second CCD camera. After observing the localization of GFP-CheW,
we also recorded phase-contrast images of the bead at 120 frames/s with the
Propagation of Intracellular Signal 733second CCD camera to monitor the position of the bead. The distance be-
tween the fluorescent focus derived from GFP-CheWand the rotational cen-
ter of the rotating bead was measured as the distance from the receptor
patch to the motor. Note that the blue laser (488 nm) does not contribute
to the photolysis of caged serine, because caged serine does not absorb light
of this wavelength (Fig. S3 A).RESULTS
Single-cell response to an instantaneously
applied chemotactic signal
To investigate the cellular response to an instantaneously
applied chemotactic signal, we used the photolysis of caged
serine that we synthesized (Section S1). The caged serine is
photolyzed to generate serine upon its irradiation with a vio-
let laser (l¼ 405 nm). In our system, the area surrounding the
targeted cell (f¼ 32mm)was irradiated by the violet laser for
60 ms (Fig. 1 A). The violet laser irradiation induced a quick
increase in the serine concentration around the target cell to
up to 0.86% of the initial concentration of the caged serine
(Fig. 1 B; Sections S2 and S3). After the laser irradiation
was stopped, the serine concentration around the targeted
cell decreased due to diffusion. Therefore, the cellular
response to both the increase and decrease in serine concen-
tration could be investigated. In this study, the maximum
serine concentration obtained by the photolysis of caged
serine was defined as the released-serine concentration.
The released-serine concentration was adjusted by changing
the concentration of caged serine in the motility buffer.
To measure the rotational direction of the flagellar motor,
polystyrene beads (f ¼ 0.5 mm) were attached to the sticky
flagellar stub (22). The phase-contrast image of a bead was
recorded with a high-speed CCD camera (1255 frames/s),
and the rotational speed and direction were determined by
calculating the angular velocity from the bead’s position.
For this study, we developed measurement software named
RTVN to investigate the cellular response to the photore-
leased serine (Fig. 1 A, Materials and Methods, and Section
S4). RTVNmonitored the rotational direction of the flagellar
motor in real time from the images of a bead captured by a
high-speed camera, and controlled the opening (when a
CCW-to-CW switch was detected) and closing of a mechan-
ical shutter positioned in front of a violet laser (Fig. 1 A).
Fig. 1 C shows a typical result for the response of an
E. coli cell to photoreleased serine. We determined the
initial CCW duration, which was the first CCW duration
after the laser irradiation (or after the quasi-TTL signal
without laser irradiation for the control condition). After
laser irradiation, the initial CCW rotation in the presence
of 1000 mM caged serine (released-serine concentration,
8.6 mM) lasted for 4.5 5 2.2 s, which was significantly
longer than the duration in the absence of laser irradiation
(Fig. 1, C and D; Table S1). The prolonged initial CCW
duration was not detected after laser irradiation in the
absence of caged serine (Table S1). Moreover, no artificialeffects of the laser irradiation on the CW bias or rotational
velocity were observed (Table S2). These results indicated
that the E. coli cells responded to the photoreleased serine
and that the laser irradiation itself did not affect the cellular
response. Therefore, the initial CCW duration was the
cellular response of E. coli to the photoreleased serine.Cellular response time to an instantaneously
applied chemotactic signal
In this study, to determine the time spent on the propaga-
tion of the intracellular signaling and elucidate how the
decreased CheY-P concentration, which is induced by serine
recognition, propagates in the cytoplasm of a live E. coli
cell, serine was photoreleased in response to a rotational
switch from the CCW to CW direction, and the cellular
response to the instantaneously applied serine stimulus
was measured at high temporal resolution. In the presence
of photoreleased serine, we defined the response time as
the CW duration immediately after the laser irradiation,
regardless of the presence or absence of a cellular response
(Fig. 2 A). The cellular response time was measured in the
presence of 1000 mM caged serine (8.6 mM released serine).
In the experiment shown in Fig. 2 A, the laser causing the
photorelease of serine was applied 31 ms after the CCW-
to-CW switching of the motor, and the irradiation was set
to last for 60 ms. The rotational direction of the flagellar mo-
tor switched back to the CCW direction 221 ms (response
time) after starting the photorelease of serine. In the pres-
ence of photoreleased serine, the average response time of
the cell was 3105 120 ms (Fig. 2 B; Table S1). On the other
hand, in the presence of caged serine with no laser irradia-
tion (Fig. 2 B; Table S1), the average CW duration, which
was immediately after the quasi-TTL signal, was 670 5
340 ms. When the violet laser was applied in the absence
of caged serine (Table S1), the average CW duration
immediately after the laser irradiation was 640 5 410 ms.
These results were consistent with the previously reported
responses of E. coli to instantaneously applied a-methyl
aspartate (aMeAsp), measured using iontophoretic delivery
to a single targeted tethered cell (19). Therefore, the
measured response time represents the time spent on intra-
cellular signaling, which includes the recognition of serine
by receptors, the inactivation of CheA activity, the decrease
in CheY-P concentration, the propagation of CheY and
CheY-P proteins, and the rotational switching caused by
the dissociation of CheY-P molecules from the motor. The
response times to the released serine were not correlated
with the CW biases of the targeted cells before the photore-
lease of serine (Fig. 2 C), as reported previously (19).Distance dependency of the response time
To examine how the decreasedCheY-P concentration induced
by serine recognition propagates in the E. coli cytoplasm, weBiophysical Journal 107(3) 730–739
FIGURE 2 Measurement of cellular response time. (A) Response time af-
ter laser irradiation in the presence of 8.6 mM released serine. The magenta-
shaded area indicates the duration of irradiation (60 ms) by a violet laser,
initiated in response to the CCW-to-CW switch. The duration between
the initiation of laser irradiation and the first CW-to-CCW switch was
defined as the response time. (B) Histogram of the response time. Blue
bars show the histogram of the response time from 67 cells in the presence
of 8.6 mM released serine. Gray hatched bars show the histogram of the CW
duration from 64 cells in the presence of 1000 mM caged serine without
laser irradiation. Black solid and broken lines show the data fitted to a
Gaussian curve. (C) Response time and CW bias. The response time in
the presence of 4.3 (n ¼ 11 cells), 6.4 (n ¼ 7 cells) and 8.6 mM (n ¼ 29
cells) released serine was plotted against the CW bias (red squares). The
blue line shows the linear approximation. The black broken line shows
the relationship between the response time and the CW bias reported by
Segall and co-workers (19). To see this figure in color, go online.
FIGURE 3 Relationship between the response time and the distance from
the receptor to the motor. (A) Phase-contrast image of a cell (left) and the
localization of GFP-CheW (right). Red broken lines in both images indicate
the cell body. (B) Relationship between the response time and the distance
from the receptor to the motor. Error bars show the SD for distance and
response time. The response times in the presence of 4.3 (n ¼ 11 cells),
6.4 (n ¼ 7 cells), and 8.6 mM (n ¼ 29 cells) released serine are shown.
(C) Relationship between the response time and the released serine concen-
tration (black squares). The response times for 0.03 mM (n ¼ 7 cells),
0.09 mM (n ¼ 15 cells), 0.17 mM (n ¼ 7 cells), 0.26 mM (n ¼ 11 cells),
0.6 mM (n ¼ 16 cells), 4.3 mM (n ¼ 11 cells), 6.5 mM (n ¼ 7 cells), and
8.6 mM (n ¼ 29 cells) released serine are shown. The black line indicates
the fitted curve using the Hill equation (Materials and Methods). The white
square indicates the CW duration without laser irradiation (n ¼ 14 cells).
Error bars show the SE. To see this figure in color, go online.
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the distance from the receptor patch to the motor (see Mate-
rials and Methods). To visualize the position of the receptor
patch, a GFP-fused form of CheW (GFP-CheW), one of the
components of the receptor patch, was produced in the cells
and observed by means of the same microscope system
(Figs. 1 A and 3 A). To analyze the distance dependency of
the response time, the response time was measured in cells
that had a single receptor patch at one of the cell poles. The
cellular response timewasmeasured in the presence of a satu-
rated concentration of caged serine to induce the cellular
response (Fig. 3 C; results are discussed in the next section).
The response time was plotted against the distance be-
tween the receptor patch and the motor (Fig. 3 B). The
response time increased as the distance between the motorBiophysical Journal 107(3) 730–739and receptor patch increased. The difference in response
time that depended on the distance from the receptor patch
was consistent with the simulated time difference in FliM
occupancy between two motors during the decrease in
CheY-P concentration (23). These results suggested that
the decreased CheY-P concentration induced by serine
recognition propagated through the cytoplasm from the re-
ceptor patch toward the other cellular pole, reaching a motor
in several hundreds of milliseconds. The diffusion coeffi-
cient estimated from the slope of the approximation line
was 14.3 5 0.8 mm2/s (mean 5 SE; Fig. 3 B; Section
S7), in agreement with the estimate obtained in previous
studies (20,21). These results suggested that the distance
Propagation of Intracellular Signal 735dependency of the response time represents the time
required for the diffusion of CheY and CheY-P molecules.
The approximation line had an intercept at 243 5 4 ms
(mean 5 SE), indicating that the intracellular signaling
required ~240 ms in addition to the time needed for the
diffusion of CheY and CheY-P molecules.Cellular response to increasing serine
concentrations around a cell
The final output of the chemotaxis signaling system is the
rotational direction of the flagellar motor. To investigate
the sensitivity of the cellular response in E. coli cells to an
increasing concentration of serine, the relationship between
the response time and the concentration of released serine
was evaluated (Fig. 3 C). To assess the cellular sensitivity
excluding the distance dependency of the response time
(Fig. 3 B), the time required for the diffusion of CheY
and CheY-P molecules was subtracted from the measured
response time (SectionS8).When the released-serine concen-
tration was <0.1 mM, the CW duration immediately after
releasing serine was constant at ~600 ms, which was compa-
rable to theCWdurationobserved immediately after thequasi
TTL signal, in the absence of serine photorelease (Fig. 2 B;
Table S1). On the other hand, a constant response time of
~250mswas observedwhen the released serine concentration
was>0.6mM.Similarly, the response time toaMeAsp is con-
stant above its critical concentration (19). The apparent Hill
coefficient and dissociation constant were estimated from
the relationship between the response time and the released-
serine concentration using the Hill equation (Section S8).
The apparent Hill coefficient was 2.95 1.8 (mean5 SE),
indicating that there was positive cooperativity in the
signal-transduction process from the recognition of serine
to the rotational switching of themotor. The apparent dissoci-
ation constant was calculated to be 0.185 0.06mM(mean5
SE), which was consistent with the value estimated from the
ensemble FRET observed between chemotactic proteins in a
cell population (24) and from the kinase activity in nonmethy-
lated receptor clusters measured in vitro (25). Therefore, an
E. coli cell, adapted to a condition without serine, responded
when the serine concentration increased to ~0.2 mM.Cellular response at decreasing serine
concentrations around a cell
In our experimental system, after the laser irradiation was
stopped, the released-serine concentration around the cell
decreased (Fig. 1 B). Therefore, the cellular response to
the decrease in serine concentration could be assessed. In
the presence of 8.6 mM of released serine, the initial CCW
duration (i.e., the duration of the first CCW rotation after
the serine stimulus) was significantly prolonged by the
serine signal (Figs. 1 D and 4, A and B). The distributions
of the CCW duration before the serine stimulus and of thesecond and third CCW durations after the stimulus were
all fitted with a single exponential function. The time con-
stants of the CCW duration before the serine stimulus and
of the second and third CCW durations were 1.4 5 0.1 s
(n ¼ 66 cells), 1.3 5 0.1 s (n ¼ 66 cells), and 1.8 5
0.2 s (n¼ 61 cells) (mean5 SE), respectively. These results
indicated that the distributions of the second and third CCW
durations were comparable to that of the CCW duration
before the serine stimulus. Therefore, the prolonged initial
CCW duration represented the response to the applied serine
stimulus, and the cell had recovered from the serine stimulus
at the second and third CCW durations.
To understand the relationship between the duration of
cellular response and the decrease in serine concentration,
the released serine concentration at the end of the response
duration was investigated (Fig. 4). The duration of the
response was defined as the time span from the laser irradi-
ation to the first CCW-to-CW switch (the restart of switch-
ing) after the addition of serine stimulus (Fig. 4 A). When
the released-serine concentration was <0.6 mM, the dura-
tion of the response was constant and comparable to the
CCW duration without the serine signal (Fig. 4 C; Table
S1). On the other hand, when the released-serine concentra-
tion was >0.6 mM, the duration of the response was pro-
longed in a manner that depended on the released serine
concentration around the cell. This prolonged duration of
response was not due to the cell’s adaptation to the applied
serine, because the initial CCW duration was much shorter
than the time required for a cell to adapt to a serine concen-
tration of several micromolar (~120 s; Section S9 and
Fig. S8) and the time constant for the receptor methylation
responsible for the adaptation (~500 s) (26). The estimated
serine concentration at the end of the duration of the
response was 0.17 5 0.11 mM (n ¼ 96 cells) regardless
of the difference in released serine concentration. Therefore,
an E. coli cell that had adapted to a 0 mM serine condition
recovered from a serine response when the serine concen-
tration was reduced to ~0.2 mM.DISCUSSION
An E. coli cell senses environmental changes and regulates
the rotation of its flagellar motors using a chemotaxis
signaling system. In this study, using the photolysis of caged
serine and our RTVN measurement system, we were able
to measure the chemotactic response of a single cell to an
instantaneously applied chemotactic signal at a temporal
resolution of 0.8 ms. These analyses demonstrated that
some parameters were consistent with previous estima-
tions and revealed the dynamics of intracellular signaling
molecules in the cytoplasm of a live E. coli cell during a
chemotactic response, as well as the cellular sensitivity to
an increase and decrease in the attractant’s concentration.
By taking advantage of the photolysis of caged serine,
we measured the cellular response to a chemotactic signalBiophysical Journal 107(3) 730–739
FIGURE 4 Cellular response to a decrease in serine concentration. (A)
Schematic diagram of the analytical method. Top and bottom depictions
show the rotational direction of the motor and the simulated time course
of the released-serine concentration. The duration of the response is the
time span between the laser irradiation and the first CCW-to-CW switch
(restart of switching) after the addition of serine stimulus. (B) Histograms
of the CCW duration before serine stimulus and of the first, second, and
third CCW durations after the stimulus. The CCW duration was measured
in the presence of 8.6 mM released serine (n ¼ 66 cells). Histograms of the
CCW duration before the serine stimulus and the initial CCW duration after
Biophysical Journal 107(3) 730–739
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tional direction from CCW to CW. The average response
time was 310 ms (Fig. 2 B). A similar response time was re-
ported as ~250 ms of latency after an impulse stimulus of
aMeAsp delivered by iontophoretic pipette to a tethered
cell (19). These results suggest that an E. coli cell requires
several hundred milliseconds to process the signal and
respond to an applied attractant stimulus, regardless of the
attractant chemical.
In this study, we demonstrated the relationship between
the response time and the distance from the receptor patch
to a motor. This relationship indicated that the response
time could be divided into two components (Fig. 3 B): one
that depends on the distance between the receptor patch
and the motor (the slope of the approximation line), and
one that is independent of this distance (the intercept of
the approximation line). The serine recognition is converted
to a decrease in intracellular CheY-P concentration after the
suppression of CheA’s autophosphorylation activity, and
the decrease in CheY-P concentration propagates through
the cytoplasm. The distance dependency of the response
time indicates that the decrease in CheY-P concentration,
which is generated at the polar localized-receptor patch, is
delayed in reaching the motor owing to the diffusion of
CheYand CheY-P molecules in the cytoplasm that is closed
by the cell membrane. This idea is consistent with the calcu-
lation made using a Smoldyn simulation of FliM occupancy
(23,27). In the Smoldyn simulation, the FliM occupancies of
two motors positioned 0.2 and 1.8 mm away from the recep-
tor patch were decreased, with a time difference of ~100 ms
between them. This time difference is consistent with the
distance dependency of the response time that we measured.
In the Smoldyn simulation, the time difference of FliM oc-
cupancy between two motors was reproduced by assuming
the diffusion of CheY and CheY-P molecules and the polar
localization of CheZ, which dephosphorylates CheY-P
(8,13). Therefore, in a living E. coli cell, the diffusion of
CheY-P and CheY molecules and the dephosphorylation
of CheY-P at the receptor patch play key roles in the directed
propagation of the decreased CheY-P concentration. From
the distance dependency of the response time, we estimated
the diffusion coefficient of the CheYand CheY-P molecules
to be 14.35 0.8 mm2/s. The diffusion coefficient of CheY inthe stimulus are the same as those shown in Fig. 1 D. Black lines show the
fitted curves using a single exponential function. (C) Relationship between
the released-serine concentration and the duration of the response. The
durations of the response for 0.03 (n ¼ 15 cells), 0.09 (n ¼ 18 cells),
0.17 (n¼ 19 cells), 0.26 (n¼ 17 cells), 0.6 (n¼ 25 cells), 4.3 (n¼ 17 cells),
6.5 (n ¼ 12 cells), and 8.6 (n ¼ 67 cells) mM released serine are shown
(black squares). The dotted lines are the duration of response reproduced
from the average CCW duration in the absence of released serine plus
the time when the released serine concentration around a cell was reduced
to 0.1, 0.2, and 0.3 mM, respectively. The duration of the response was fitted
with the average CCW duration in the absence of released serine plus the
time when the released serine concentration was reduced to 0.2 mM.
Propagation of Intracellular Signal 737filamentous cells after an impulse stimulus from an ionto-
phoretic pipette was estimated to be 10 mm2/s (20). The
diffusion coefficient of CheYestimated from the time differ-
ence of switching between two motors was 11.7 mm2/s (21).
The diffusion coefficient of GFP-fused CheY estimated by
fluorescence correlation spectroscopy was 4.6 mm2/s (12).
By tracking a single protein molecule in a live E. coli cell,
English et al. (28) determined the diffusion coefficient of
a fluorescent protein with a molecular mass comparable to
that of CheY to be 8–16 mm2/s. Our estimated diffusion
coefficient of CheYand CheY-P is consistent with the values
estimated in previous investigations. Therefore, the compo-
nent in the response time that depends on the distance from
the receptor patch is derived from the time of diffusion of
CheY and CheY-P molecules in the cytoplasm of a live
E. coli cell.
We found that the response time also included a component
that did not depend on the distance from the receptor patch,
represented by the intercept in Fig. 3 B. This component
included the time required for some enzymatic reactions,
such as the dephosphorylation of CheY-P, the inactivation
of CheA’s activity in the receptor patch, the dissociation of
CheY-P from the flagellar motor, and the conformational
change of the flagellar motor. Therefore, the intercept for
the approximation line (tReaction) of the relationship between
the response time and the distance from the receptor patch
represents the time of these enzymatic reactions occurring
in a live E. coli cell in response to serine. These times were
estimated in previous reports. By measuring the ensemble
FRET betweenCheY-YFP andCFP-FliM in a cell population
after photoreleasing aspartate from a caged compound,
Sourjik and Berg (8) determined the time constant for the
dephosphorylation of CheY-P by CheZ to be ~450 ms.
In other reports, a similar time constant (~330 ms) for the
dephosphorylation of CheY-P was obtained (15). The inclu-
sion of a 65 ms response delay in tReaction was also reported
(8). On the other hand, the off-rate of CheY-P’s binding to
FliM was reported to be <67 ms and the time required for a
conformational change of the flagellar motor was reported
to be ~20 ms (8,29), both of which are shorter than the time
required for CheY-P’s dephosphorylation. The recognition
of attractant by the receptor and the inactivation of the auto-
phosphorylation activity of CheA were thought to be fast
enough to ignore (8). According to these previous investi-
gations, the majority of the tReaction is the time required for
CheY-P’s dephosphorylation byCheZ. Some other stochastic
components, such as the size of the drop in CheY-P concen-
tration, the time it takes for the drop in CheY-P concentration
to propagate to the motor, and the stochastic switching of the
motor under a certainCheY-P concentration, should be incor-
porated into the response time. However, we did not distin-
guish these components from the response time that was
measured in this study. In addition, the time required for
the oligomerization ofCheZmight be included in the tReaction,
as proposed in the previous Smoldyn simulation (23).In our measurements, the response time was comparable
to the CW duration in the absence of serine stimulus when
less than 0.1 mM serine was applied (Fig. 3 C). On the other
hand, the response time was shorter and constant (~240 ms)
when serine was added at 0.6 mM or higher. Therefore, an
E. coli cell that is adapted to a condition without serine
could respond to serine above 0.1 mM. In a previous study,
the effect of serine concentration on the kinase activity was
estimated by the ensemble FRET between chemotactic
proteins in a cell population (24,30). In that study, the kinase
activity in the receptor patch was altered by a range of
serine concentrations similar to the cellular responsse we
measured, and the activity was inhibited when the serine
concentration was above 1 mM. A similar result was re-
ported for the kinase activity in a nonmethylated receptor
cluster measured in vitro (25). Therefore, the cellular sensi-
tivity defined by the response time was comparable to the
sensitivity of the kinase activity for the applied serine.
The apparent dissociation constant estimated from the rela-
tionship between the response time and the released serine
concentration was 0.18 mM. Therefore, E. coli cells that
are adapted to a condition without serine exhibit a narrow
dynamic range of cellular sensitivity in which they respond
to increasing serine concentrations over 0.18 mM, which
is derived from the sensitivity of the kinase activity in the
receptor patch.
The estimated dissociation constant (0.18 mM) for the
serine concentration is much smaller than the apparent
dissociation constant for serine’s binding to its receptor,
Tsr (35.6 mM) (31), suggesting that the receptor patch is
more sensitive to serine recognition than the Tsr monomer
for inhibiting the autophosphorylation activity of CheA. If
there were no cooperativity in the binding of serine to Tsr,
the occupancy of the Tsr by serine could be estimated by
Roccu ¼ [S] / ([S] þ KDTsr) (19), where Roccu, [S], and KDTsr
are the receptor occupancy, serine concentration, and
apparent dissociation constant of Tsr for serine, respec-
tively. The receptor occupancy at 0.6 mM serine was esti-
mated to be 1.7%. This means that if 10,000 of Tsr
molecules are incorporated into a receptor patch (32), an
E. coli cell that is adapted to 0 mM serine will exhibit the
maximum response to serine when only 170 Tsr molecules
are occupied by serine. A similar estimation was proposed
for the receptor occupancy in the receptor patch for aMeAsp
(19). In that case, it was demonstrated that cells exhibit a
response time of ~0.2 s when the change in receptor occu-
pancy is as small as 2%, and that larger changes in receptor
occupancy do not change the response time. Fitting to the
Hill equation suggested cooperative processes in the chemo-
tactic response reactions, such as the binding of serine by
Tsr, the inhibition of CheA’s activity, the dephosphorylation
of CheY-P, the dissociation of CheY-P from the motor,
and the conformational change of the motor from a CW to
a CCW state. As discussed above, the sensitivity of the
cellular response (Fig. 3 C) and the sensitivity of kinaseBiophysical Journal 107(3) 730–739
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gests that the cellular sensitivity to serine might be derived
from a cooperative mechanism at the receptor patch, as pro-
posed previously (6), in which the change in the activity of
chemoreceptors by the binding of attractant propagates to
the surrounding, nonbound chemoreceptors. Therefore, by
the clustering of receptor molecules and their cooperative
function in a receptor patch, an E. coli cell can sense serine
concentrations lower than the dissociation constant of Tsr. It
is known that E. coli cells can shift the range of detectable
serine concentrations by changing the receptor occupancy
required for serine-recognition through receptor methyl-
ation; consequently, an E. coli cell could detect a wide range
of serine concentrations (33).
Using an instantaneously applied serine signal, we also
measured the cellular response to a decrease in serine con-
centration. In our system, only the initial CCW duration
was significantly prolonged by the addition of the serine
stimulus, whereas the distribution of the second and third
CCW durations after the stimulus were comparable to that
of the CCW duration before the serine stimulus (Fig. 4 B).
These results indicated that only the initial CCW duration
represented the cellular response to the decrease in serine
concentration, and the cell had recovered by the time of
the second and third CCW durations. It was recently shown
that two flagellar motors on the same cell coordinately
switch their rotational direction (21,34) and that the binding
of CheY-P to a motor is essential to induce CW rotation
(14). These findings indicated that CheY-P molecules bind
to two flagellar motors with similar timing to generate
switching coordination. Therefore, we propose that as a
result of the spontaneous and cooperative activation or inac-
tivation of the receptor patch, an increase or decrease in
CheY-P concentration occurs for every switching event un-
der steady-state conditions in wild-type E. coli cells. Such a
dynamic change in the CheY-P concentration causes a large
change in the probability of rotational switching of the mo-
tor. The restart of rotational switching after the initial CCW
duration is probably due to a restart of the spontaneous
activation and inactivation of the receptor patch, and conse-
quent induction of increased and decreased CheY-P concen-
trations in a wild-type E. coli cell.
The duration of the response defined in Fig. 4 A includes
the time interval required for spontaneous activation of the
receptor patch after a reduction in the serine concentration.
The time interval required for the spontaneous activation
would correspond to the average CCW duration in the
absence of a serine stimulus. The duration of the cellular
response was represented by the time when the released
serine concentration was reduced to 0.2 mMplus the average
CCW duration in the absence of serine stimulus. Therefore,
an E. coli cell that is adapted to the condition without serine
would sense the decrease in serine concentration after the
photorelease of serine and recover from the response at
~0.2 mM. These results indicate that the E. coli cells respondBiophysical Journal 107(3) 730–739to a similar serine concentration regardless of whether the
attractant concentration is increasing or decreasing, suggest-
ing that there is no hysteresis in the recognition for either the
increase or the decrease in serine concentration in an E. coli
cell. Previous studies demonstrated a strong cooperative
relationship between the CheY-P concentration and the
CW bias (the fraction of time spent rotating in the CW direc-
tion) by comparing the CW bias among E. coli cells that
contained different CheY-P concentrations (11,12), indi-
cating that the CW bias can be used to estimate the intra-
cellular concentration of CheY-P. Because the switching
probability would depend on the decrease in CheY-P con-
centration after addition of the serine stimulus, the initial
CheY-P concentration upon addition of the serine stimulus
should affect the length of the response time. Therefore, if
the CW bias represents the intracellular concentration of
CheY-P in the steady state of a wild-type cell, the length
of the response time should also correlate with the CW
bias. In this study, we measured the response time of cells
that had a different CW bias, from 0.1 to 0.4, and found
that the response times were not correlated with the CW
bias (Fig. 2 C). A similar lack of correlation between the
response time and the cell’s CW bias (0.1–0.7) was also re-
ported in a previous article (19). Thus, the cellular response
time is similar even if the cells have a different CW
bias, indicating that the initial CheY-P concentration upon
addition of the serine stimulus was similar among the cells
with different CW biases. Therefore, the CW bias would not
represent the intracellular concentration of CheY-P in cells
with an intact chemotaxis system. As discussed above, to
coordinate the rotational switching between two motors by
binding CheY-P, the change in CheY-P concentration, which
changes the probability of rotational switching of the motor,
would occur during every switching event under steady-
state conditions in a wild-type E. coli cell. Therefore, the
CW bias might represent the probability for the activation
and inactivation of a receptor patch to produce the dynamic
change in CheY-P concentration in a cell with an intact
chemotaxis system.
In this study, the intracellular signaling and cellular
response of E. coli induced by an attractant were quantita-
tively determined in a single E. coli cell. The measured
sensitivity of the single-cell response for an instantaneously
applied serine stimulus was confirmed to be comparable to
that of the kinase activity in a receptor patch estimated from
previous in vitro and in vivo investigations. We also demon-
strated that an E. coli cell that has originally adapted to a no-
serine condition recognizes the same concentration of serine
regardless of whether the serine concentration is increasing
or decreasing. Our single-cell measurements demonstrated
that the directed propagation of a decreased CheY-P con-
centration, which is derived from the diffusion of CheY
and CheY-P molecules, is involved in E. coli’s intracellular
signaling for an attractant. These quantitative measurements
of cellular behavior and the dynamics of protein molecules
Propagation of Intracellular Signal 739in a cell at the moment of cellular response provide, to our
knowledge, new perspectives for understanding the signal
transduction process in the E. coli chemotaxis system.SUPPORTING MATERIAL
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